Understanding normal asymmetry in the aortic root could aid in the development of new surgical repair techniques or devices with improved haemodynamic performance. The purpose of this study was to assess geometric asymmetry and age-related changes in the normal aortic root using 3D computed tomography.
Introduction
Performing an accurate evaluation of aortic root geometry is important to understand the mechanism or pathophysiology of valvular heart disease and for the development of improved surgical techniques and devices. 1, 2 The recent introduction of transcatheter aortic valve replacement into the clinic has highlighted the importance of understanding the anatomy of the aortic root. 3, 4 An asymmetric geometry of the aortic root has been reported in previous studies that used surgical homograft casting, 5 necropsy patients, 6 and 3D cardiac ultrasonography. 7 However, a comprehensive quantification of each coronary cusp, including the cusp sinus volume (CSV) and cusp surface area (CSA), has not been possible using conventional measurements. The development of cardiac computed tomography (CT) and dedicated software for image processing allows for comprehensive 3D assessments of the aortic root in vivo. 8 Patients with aortic root dilation and significant aortic regurgitation showed reduced leaflet adaptation and exaggerated cusp sinus asymmetry compared with either patients without aortic regurgitation or normal controls, and an asymmetry of the aortic root was even noted in normal controls. 8 Nonetheless, as a consequence of the small number of normal controls, the degree of normal asymmetry and age-related changes of the aortic root still remain to be elucidated. Thorough understanding of normal geometry of aortic root and its age-related physiological changes is necessary especially for planning or designing valve repair or valve-sparing operation for patients with aortic root dilatation and significant aortic regurgitation, 9 -11 which was clinically introduced more than 20 years ago, but still needs refinement for better long-term outcomes. 12 -14 We hypothesized that a comprehensive 3D assessment of the aortic root using cardiac CT in normal controls with a wide range of ages could answer this question. Therefore, our current study aimed to assess geometric asymmetry and age-related changes in the normal aortic root using reconstructed 3D CT data.
Methods

Patient characteristics
Our institutional review board approved this study, and informed consent was waived because of its retrospective nature. Among 8890 patients who underwent coronary CT angiography and echocardiography as a part of general health check-up at our institution from January 2011 to December 2012, 130 subjects without hypertension, diabetes, dyslipidaemia, or valvular heart disease, or ≥50% stenosis by coronary CT angiography were randomly enrolled retrospectively. Hypertension was defined as receiving antihypertensive treatment, or having systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg. We attempted to enrol subjects who were evenly distributed for gender and age. Age distribution in each decade was as follows: less than 40 years, n ¼ 34; 40 -49 years, n ¼ 28; 50 -59 years, n ¼ 22; 60 -69 years, n ¼ 22; and 70 years or more, n ¼ 24.
CT technique
Coronary CT angiography was performed using either a single-source 64-section CT (LightSpeed VCT; GE, Milwaukee, WI, USA) or dualsource CT (Somatom Definition; Siemens, Erlangen, Germany). Patients with no contraindication to beta-adrenergic blocking agents and with initial heart rates higher than 65 beats per minute received an oral dose of 2.5 mg of bisoprolol (Concor; Merck, Darmstadt, Germany). A retrospective electrocardiography-gated scan was performed, and an electrocardiography-based tube current modulation was applied (R -R interval, 60 -80%). During CT acquisition, 60 -80 mL intravenous contrast medium (Iomeron 400; Bracco, Italy) was administered at 4 mL/s, followed by 40 mL saline as a chaser. A body size adaptive scanning protocol was applied to reduce the radiation dose with the following parameters: 80 -120 kVp tube voltage, 240 -400 mA per rotation (dual-source CT), and 400 -800 mA tube current (single-source CT). The mean effective dose for our CT protocol was 6.8 + 4.12 mSv.
3D Analysis of CT images
CT data were reconstructed at a 70 -80% R -R interval with minimal motion artefacts and were sent to separate customized software for 3D quantitative analysis of the aortic root (Omni4D). This software allowed for interactive visualization of volume-rendered images and manipulation of multiplanar reformatted images through the aortic root to guide accurate tracing of the annulus (leaflet attachment site), cusps, sinuses, and sinotubular junction ( Figure 1) , and detailed methods regarding the tracing were described in a previous study. 8 In brief, individual CSV, CSA, intercommissural distance (ICD), cusp sinus width (CSW), cusp sinus height (CSH), and coronary artery orifice height were calculated using the following steps. (i) Individual CSV: using sinus traces bounded from the left ventricular outflow tract to the sinotubular junction, a single continuous mesh surface was generated ( Figure 2A ). An individual sinus volume was computed by quantifying the cup-like region between the sinus surface and an enclosing or capped surface ( Figure 2B ).
(ii) Individual CSA: for the CSA, triangular mesh surfaces were fitted to the cusp traces. By summing the areas of the triangular meshes, the 3D surface area of each individual cusp was calculated ( Figure 2C ). CSA was measured at the closed (mid-diastolic, R -R interval between 70 and 80%) time of the aortic valve. (iii) ICD: the distance between each pair of commissural reference points that were identified at the points where adjacent annuli came together: the most superior points at which the cusp edges meet were identified by translation and tilt of a short-axis image plane ( Figure 2D ). (iv) Individual CSW: the distance between aortic valve centroid and individual sinus wall ( Figure 2E ). (v) Individual CSH: the distance between the lowest portion of each aortic annulus and the upper most portion of the sinotubular Figure 1 3D Analysis of CT images. The aortic root reconstruction method used for calculating the aortic root and individual cusp sinus. After importing 3D CT images, each structure of the aortic sinus wall, cusp surface, and sinotubular junction was traced using a semi-automatic method. Multiplanar image reconstruction and volume rendering were used to trace each cusp, sinus wall, and sinotubular junction under real-time interactive visualization. Finally, 3D surface modelling was carried out. Ao, ascending aorta; LA, left atrium; LV, left ventricle. junction ( Figure 2E ). (vi) Coronary artery orifice height: the distance between the lowest portion of each aortic annulus and lower margin of the coronary artery orifice. All measurements of the aortic root were normalized based on the body surface area. All quantitative parameters were measured by one radiologist (D.H.Y.) who had 6 years of experience with cardiac CT. For all subjects, one experienced radiological technician and radiologist remeasured these quantitative parameters, and inter-and intra-observer variability was assessed using the intraclass correlation coefficient.
Statistical analyses
All geometric parameters were presented as means and standard deviation. The relationship between CT measurements and age was evaluated with the Pearson correlation, and the correlation coefficient was interpreted as follows 15 : 0-0.19, no association; 0.20-0.49, weak correlation; 0.50-0.79, moderate correlation; and .0.79, strong correlation. Differences for each geometric parameter between individual cusp sinuses were determined using one-way ANOVA and post hoc analysis with the Bonferroni correction. Multivariate linear regression analysis was performed to evaluate geometric parameters of the aortic root and patient characteristics. Age, gender, heart rate, systolic blood pressure, coronary dominancy, the left ventricular (LV) stroke volume, and LV mass were entered as independent variables in the multivariable linear regression analysis. A P-value of ,0.05 was considered to indicate statistical significance. Statistical analyses were performed using MedCalc software (MedCalc Software version 14.12.0, Ostend, Belgium) and R software (version 3.1.2, Institute for Statistics and Mathematics, Vienna, Austria).
Results
Baseline characteristic
Of 130 subjects (mean age 51.4 years + 15.8), 58 (45%) were men. Baseline characteristics and echocardiographic measurements across age groups are presented in Table 1 . The proportion of male gender was relatively lower in 60 -69 years age group than those of other age groups with borderline statistical significance (P ¼ 0.06). The body surface area showed a decreasing tendency in older age group (P ¼ 0.01). Blood pressure, body mass index, LV stroke volume, and LV mass index did not show significant difference across the age groups. When compared with women, men showed younger age (48.4 vs. 54.2 years, P ¼ 0.03) and larger body surface area (1.80 vs. 1.60 m 2 , P , 0.001). Blood pressure and echocardiographic measurements did not different according to the gender (Supplementary data online, Table S1 ).
Asymmetry of aortic root geometry
The CSV, CSA, and CSW of the left coronary cusp (LCC) were both significantly smaller (P , 0.05) than those of right coronary cusp (RCC) and non-coronary cusp (NCC), as presented in Table 2 and Figure 3 . However, CSH of the LCC did not show significant difference compared with that of the RCC and NCC. These findings suggest that main cause of the asymmetry in the aortic root resulted from an asymmetry of sinus width rather than height. Between the RCC and NCC, there was no significant difference in CSV (P ¼ 0.67) or CSA (P ¼ 1.00). The ICD of the RCC was significantly larger than that of the LCC or NCC (both, P , 0.05). The LCC showed the smallest CSV and CSA in 91 (70.0%) and 104 (80.0%) patients, respectively.
Correlation between baseline characteristics and aortic root geometry CSV and ICD increased in older age with weak-to-moderate correlation coefficients in both men and women ( Figure 4 , Table 1 ). Comprehensive correlation coefficients between age and baseline /CT characteristics in each gender are presented in Supplementary data online, Table S2 . In CSA, only RCC showed weak correlation with age. In multivariate linear regression, all geometric parameters increased with age (P , 0.05), except for CSA in the LCC ( Table 3) . Female gender was associated with a smaller size of the CSV and CSA (Table 3 and Supplementary data online, Table S1 ). Regarding asymmetry, the right -left or non-left ratio of each geometric parameter showed only weak or no correlation with age (Supplementary data online, Table S2 ).
Reproducibility
For all parameters derived from 3D tracing, the two independent observers achieved an inter-observer variability of 0.880 -0.968 (intra-class correlation coefficients) and an intra-observer variability of 0. Data are expressed as means + standard deviation. *Bonferroni-corrected P-value ,0.05 for differences from the left coronary. † Bonferroni-corrected P-value ,0.05 for differences between the right coronary and non-coronary cusp. ‡ P-value of one-way ANOVA across all three coronary cusps. § P-value of independent samples t-test.
Discussion
The findings presented in our present study indicate that the coronary cusp in the aortic root is normally asymmetric, and the LCC is consistently smaller than the RCC or NCC. The volume and ICDs of each coronary cusp become larger with age, but the CSA only increased with age in the RCC. Female gender was associated with a smaller size of the CSV and CSA when compared with male gender. The degree of asymmetry, which was defined in this study as the ratio between RCC and LCC or NCC and LCC, showed only weak or no correlation with age.
The results of the present study may be useful in designing new aortic graft for valve-sparing root replacement surgery in cases with aortic insufficiency caused by root dilatation. As shown by many observational studies as well as recent multicentre prospective researches, valve-sparing root reconstructions are still challenging procedures with frequent procedural failure resulting in intraoperative conversion to AVR as well as late recurrence of AR even in initial successful procedure. 12 -14 There still are many controversies on standardizing the procedure for root reconstructions. 16, 17 Of many difficulties in the procedures, 'asymmetricity of the root geometry' is probably a major obstacle to reconstruct a competent aortic valve function. For instance, currently available aortic grafts for root reconstruction (so-called Valsalva graft) are designed based on an assumption that three cusps as well as their corresponding sinuses are equal in size. Additional plication sutures on the leaflet edges are frequently required to adjust the coaptation surface among three cusps. 18 The results of current study reveal how ideal artificial grafts for valve-preserving aortic root replacement should look like by offering concrete figures for relative ratios among three leaflets and sinuses: Ratios of RCC-to-LCC being 1.31 -1.49 and NCC-to-LCC being 1.11 -1.46. Further investigation is necessary to test whether these values would be useful in designing new anatomy-based Valsalva conduits for root reconstruction surgery and in expanding to tailored designs based on individualized approach. The pattern of asymmetry and the smallest dimension of the LCC, we observed herein, were in accord with findings of previous studies. 5, 19, 20 The LCC showed the smallest height and ICD among three coronary cusps in a measurement made using a homograft. 5, 19 The 3D CT analysis results of our study also confirmed the cusp asymmetry and the smallest LCC using more quantitative measurements, including the CSA in vivo. This asymmetry created a tilted aortic root that increased during ventricular filling and decreased during ventricular ejection. 1 This normal asymmetry and the dynamic changes of the aortic root have a functional role in the reduction of shear stress on the aortic leaflet, which occurs during the considerable changes in pressure of the aortic root that occur during ventricular systole and diastole. 1, 21, 22 Notably, the material properties of the aortic sinus wall were also asymmetric, 23 which could explain the morphological asymmetry of the aortic sinus. Gundiah et al. found that the left coronary sinus was significantly more compliant compared with the right and non-coronary sinuses in an experimental study using porcine aorta. 23 Age-related changes in the aortic sinus and cusp have been documented in a previous study of 100 necropsy patients. 6 The sums of the sinus volume and CSA both increased with age, which were associated with r-values that ranged from 0.58 to 0.61. 6 The results of our present study also showed age-related increases of CSV and ICD that correlated with lower r-values compared with those of previous study. Differences in the study group or measurement method could have been the cause for this discrepancy between the two studies. Our study might have included healthier subjects in the older age group compared with the previous report because we excluded patients with hypertension, diabetes, dyslipidaemia, and valvular heart disease based on an echocardiography. Our present study had several limitations. First, we performed 3D analyses using the mid-diastolic phase of CT images alone because our coronary CT angiography data were obtained at the diastolic phase to reduce radiation dose. Therefore, a dynamic change of the coronary cusp or the aortic root geometry could not be fully investigated. Second, we did not conduct a pathological tissue assessment to explain the mechanism of asymmetry or its age-related changes.
Quantitative data regarding the aortic root asymmetry in our analyses could have been helpful to develop a surgical technique or device that would be closer to normal physiology. aortic sinus in valve-sparing surgery 24 or a stentless moulded aortic valve 25 could be an example of applying our data to clinical practice.
In addition, the results of this study might be useful for computational fluid dynamics to simulate the optimal aortic root shape before surgery in the individual patient. 26 In conclusion, 3D CT analysis revealed that the aortic root is normally asymmetric in vivo, and the LCC has the smallest size. Understanding the normal asymmetry in the aortic root could be helpful for the development of new surgical techniques or devices with physiological similarity to the native aortic root.
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